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PROBLEMS AND PROGRAMS ON THE USE OF 
SUBMILLIMETER WAVES IN SPACE 

By Max R. Nagel 
Electronics Research Center 

SUMMARY 

This report describes the development and the present 
status of the technology associated with the use of submillimeter 
waves in field and space applications and, for this purpose, 
offers a compilation of tables, graphs, and other data on the 
performance of modern submillimeter components, along with a list 
of the most recent literature on the subject. 

The report also discusses some of the more significant 
achievements and the potential of submillimeter waves in the 
atmospheric and astronomical disciplines and in spaceflight- 
related operations. 

A review of related programs currently sponsored by the 
National Aeronautics and Space Administration is given and high- 
priority research needs that may lead to a more effective utili- 
zation of submillimeter radiation in space are pointed out. 

Two appendices are provided to fill in further details on 
related submillimeter problems. The approximate closing date 
for all data given is March, 1968. 

This report is intended to serve as a data source and guide 
to references relating to the present status of submillimeter wave 
research and technology and, as such, is not meant to be a 
scientific treatise. 

It is being made available to the scientific and technical 
community to stimulate interest in a re-emerging and potentially 
powerful scientific technique. 

INTRODUCTION 

This report is intended to provide a basis and background 
for discussion regarding the need for submillimeter wave experi- 
mentation in the areas of the space sciences and spaceflight 
operations. 

referred to as the "far infrared'' or "extreme infrared" region -- 
of the electromagnetic spectrum will be understood to cover, 

For this purpose, the submillimeter region -- sometimes 



roughly, the wavelength range between 0.1 and 1 mm, corresponding 
to frequencies of 3000 to 300 GHz, respectively, thus bounding 
with the infrared region on one side and the microwave region on 
the other. 

An almost sudden surge of interest in the use of submilli- 
meter waves resulted when the space program opened access to an 
environment transparent to submillimeter wave radiation, and, by 
fortunate coincidence, at the same time, several new supporting 
technologies emerged. Together, these developments made avail- 
able a new set of technological alternatives and potentialities 
that neither the classical optical nor the microwave regions by 
themselves are able to offer. 

Compared with the microwave equipments, "antennas" associ- 
ated with the submillimeter region can be simple and compact. 
They do not require the high surface precision needed in con- 
ventional optical telescopes to achieve diffraction-limited per- 
formance; and their manufacture is easier so that larger apertures 
can be fabricated at correspondingly lower cost. In many appli- 
cations, the combination of high-energy density with an inter- 
mediate spread of the collimated beam -- the beamspread is larger 
than for visible or infrared radiation, smaller than that for 
microwaves -- can be an important asset. Also, the specific 
scattering properties of the submillimeter waves may be important 
when dust clouds or haze penetration have to be considered. 

Because of such advantageous properties, the number of new 
work areas and applications of submillimeter waves increases 
steadily. Already they have triggered the development of the 
entirely new discipline of Submillimeter Astronomy which is con- 
stantly expanding its scope and technological basis, and has 
started to produce tangible results; and applications in other 
fields are also contemplated. 

It seems appropriate, therefore, to review the development 
and the present state of the art in submillimeter technology and 
the potential use of submillimeter waves in space. This report 
first discusses such uses as reflected in recent publications and 
proposals from the scientific community at large, and then de- 
scribes the relevant programs currently sustained within NASA 
and, in particular, at the NASA Electronics Research Center. 

THE NEED FOR SUBMILLIMETER WAVE RESEARCH 

Encouraged by the results of preparatory experiments, which 
will be discussed later in this report, the technical and scien- 
tific communities have become aware of the opportunities and 
potential of the "forgotten" submillimeter band and are now coming 

2 



forward with rapidly increasing numbers of proposals and specu- 
lations about its use in their respective fields. 

It is quite apparent from analyses and planning reports 
that the solar physicists and astronomers will benefit most and 
almost immediately from the emerging new technology. This is 
not only because the space program prepared for them the road to 
a vast number of uninvestigated and still unknown research ob- 
jects, but also because the imperfect submillimeter technology 
already available lends itself to applications within the entire 
spectrum of astronomical research, ranging from cosmology and 
the planetary sciences to solar physics. 

It seems significant indeed that the new importance of sub- 
millimeter techniques for astronomy has been recognized in reports 
and recommendations of highest level advisory bodies, such as the 
President's Science Advisory Council (ref. l)*, the Space Science 
Board of the National Academy of Sciences/National Research 
Council (ref. 2), and a number of similarly eminent committees. 

Since no submillimeter detector has yet been flown in space, 
it is impossible at this point to assess the impact of t,he new 
capabilities on the development of astronomical knowledge beyond 
the general statement that it will certainly be spectacular. 
Because of the comparative simplicity of the instrumentation 
associated with "observation-" or "detection-" type experiments , 
one can expect that the first truly spaceborne missions will 
restrict themselves to mapping and location activities and to the 
determination of relative energy distributions in the observed 
objects. It seems safe to assume that even through such compara- 
tively unsophisticated experimentation, many diffuse objects and 
galaxies -- later even stars in either their ascent or decaying 
phases -- will be discovered by their low-temperature thermal 
emissions. It will also become possible to determine more ac- 
curately the position or size, and possibly the physical struc- 
ture, of other objects that already have been detected by their 
radio frequency radiation. 

Perhaps more valuable, but also more exacting, will be the 
radiometric, "measurement-" type programs from which quantitative 
radiation data can be obtained. 

In cosmology, the determination of the absolute value of 
interstellar background temperatures through submillimeter 
techniques might yield more detailed insight into the thermal 
transfer processes involved in the origin of the Universe. One 
of the recommendations of the Space Science Board (ref. 2, p. 335), 

*See excerpts on following page. 
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SUBMILLIMETER RESEARCH NEEDS 

Recommendations of the President's Science Advisory Committee* 

Page30 

Page 3 1  

Page 3 1  

Page 58/59 

For scientific as well as technical reasons, we urge an immediate start on 
simpler instruments which can more dramatically exploit the new access to 
unknown regions of the spectrum-such as X-ray and gamma-ray telescopes, 
and relatively inexpensive submillimeter instruments. 

Recommendations,--a. Ws rtwommend that the government 
adopt as a primary goal in the application of space technology for 
scientific purposes a program leading to the establishment in earth 
orbit of a number of astronomical facilities, which by the end of 
the decade of the 1970's will constitute an orbiting astronomical 
observatory capable of- 

( I )  exploring the full range of the spectrum not accessible 
from the ground with all the attendant advantages of 
instruments in orbit such ar diffraction-limited resolu- 
tion and coherent detection over large base lines, 

c. We recommend for the middle 1970's a second generation of 
X-ray, gamma ray, submillimeter, and radio wave-length instru- 
ments, utilizing the experience gained from the 1st generation 
instruments. 

d. Infrared astronomy.-The broad range from 1 micron to 1 millimeter 
has been explored in a severely limited way from the ground and, with partial 
elimination of atmospheric interference, from balloons. Important advan- 
tages can be gained with higher altitude platforms. Present efforts are con- 
fined to rockets and represent only first attempts at utilizing cryogenic 
systems in connection with cooled optics and sensors. Liquid helium tem- 
peratures are essential. Three to four years of experimentation scaled to 
Aerobee rocket capabilities is needed to solve instrumentation problems. 
Scaled-up versions may then follow (up to 30-inch telescopes) to be flown 
on larger rockets. I t  is not overly optimistic to expect many surprising dii- 
coveries in this broad spectral range (exploratory phase, $10M). 

* Clippings from the Presbdent's Science Advisory Committee, The 
Space Program in the Post-Apollo Period, February 1967 (ref, 1). 
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for example, is based on the expectation that the spectrometric 
analysis of the general interstellar background by means of 
spaceborne instrumentation will reveal important details about 
the age and early evolutionary history of galaxies, and that it 
will also assist in judging the relative merits and validity of 
various proposed models of the Universe. Open, closed, and flat 
cosmological models are now being used. Cosmologists hope also 
that submillimeter techniques, notably when using modern hetero- 
dyne detection methods, will make it possible to determine the 
chemical composition and density structure of cosmic clouds and 
stellar matter (ref. 3). 

Another cosmological problem to which submillimeter tech- 
niques can be profitably employed is that of the radiation- 
generating processes in quasars. For instance, new theories are 
constantly advanced to explain phenomena such as the rapid 
changes in radiation output levels of quasars which may permit 
conclusions as to their size, distance, and nature (ref. 4 ) .  
Synchrotron effects are probably involved, but it is suspected 
that other, so far undetermined, physical mechanisms are also 
participating in the radiation-generating processes. Absolute 
measurements and prolonged monitoring of radiation fluxes through 
the entire spectrum are necessary to clarify these questions, but 
only scant, if any, data are as yet available on the submilli- 
meter and far infrared radiation emitted by the quasars detected 
so far (ref. 5). 

NASA/ERC astronomers hope to contribute to the solution of 
some of the above problems through a program in which they pro- 
pose to study the radiation from the Crab Nebula and possibly 
also the galactic center and quasistellar sources, such as 3C273, 
thus supplementing earlier, ground-based work on these objects 
(refs. 6-8). 

As an illustration of the need of cosmological submilli- 
meter research, Figure 1 shows how the submillimeter technological 
"gap" affects the knowledge on the radiation fluxes emitted by 
the Crab Nebula, the center of our galaxy, and the quasistellar 
source 3C273. One sees that virtually no information on the 
spectrum of these objects is available through two or three orders 
of magnitude of wavelengths which, in all cases, include the 
entire submillimeter region. The Crab Nebula is of particular 
interest because of the -- according to Bastin (ref. 9) -- 
"curious" upward trend of its radiation flux at higher radio 
frequencies (refs. 10, 11) which needs explanation. Obviously, 
the galactic center and 3C273 also have so far undetermined 
maxima somewhere in the submillimeter region. Astronomers are 
particularly anxious to locate these maxima as the flux gradient 
can provide important clues regarding the structure and energy- 
conversion processes in compact and intense X-ray and radio 
sources (ref. 12). 
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A strong impact on the development of the space sciences 
can also be expected from spaceborne submillimeter studies of 
the Sun where object energy and detector sensitivity pose less 
stringent instrumentation problems than in cosmological experi- 
ments. As to the urgency of solar physical work in the sub- 
millimeter band in general, the "Directions for the Future" by 
the Space Science Board of the National Academy of Sciences/ 
National Research Council (ref. 2, pp. 180 and 221) states 
flatly, "Our ignorance of this region is almost complete" and 
"in the (solar) infrared, the present need is for any information 
whatever at wavelengths between 3 and 300 microns." 

Of course, one is inclined to think first of closing the 
well-publicized submillimeter gap in the solar spectrum. Indeed, 
today the submillimeter spectrum of the Sun is known in no more 
than its rudimentary structure. Even this limited knowledge is 
essentially based on a combination of speculative laboratory 
experimentation and theoretical studies founded on a number of 
controversial atmospheric models. Whatever directly measured 
spectra are available exhibit but coarse spectral resolution or 
cover only minimal spectral bands in a handful of narrow spectral 
windows. Even then, since all measurements of this kind have 
been made from ground-based -- at best, airborne -- stations, 
they have been distorted under the influence of the radiometrically 
undefined -- and so far undefinable -- atmosphere over the meas- 
uring instrument. The consequence of this fact is that to date 
no reliable data on the solar energy and its spectral distribution 
in the submillimeter region exist. 

Only from space can one expect to overcome these atmospheric 
difficulties which are peculiar to the submillimeter waves and 
which, to a large extent, are also responsible for the generally 
poor status of the knowledge in the submillimeter sciences. 

Once the decisive step into space has been made and the 
solar spectrum has been isolated and measured, however, other key 
problems will come closer to their solution. 

For example, it will at least become possible to locate the 
still undetermined minimum of the solar brightness temperature in 
the submillimeter band which, because of its suspected stability, 
might, in turn, be suitable for use as a reference point for many 
other kinds of astronomical measurements. Experimentation over 
an extended period of time will be required to confirm the 
assumed stability of the energy minimum. Figure 2* shows that 
data on the solar brightness temperature are available on both 
sides of the submillimeter region, but that they are conspicu- 
ously absent inside the region itself. 

*Figure 2 incorporates refs. 5, 18-30. 
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Another important example of needed solar submillimeter 
research concerns the question of the neutral solar limb or, 
respectively, of the wavelength where neither limb darkening nor 
brightening occurs. Considerable controversy has been centered 
around this problem, since important decisions about the validity 
of existing solar models and of the structure and compositions 
of the solar atmosphere depend on data of this kind. For example, 
Noyes (ref. 1 3 )  placed the neutral limb at about 50 microns, the 
report of the Space Science Board at about 1 mm. Only direct 
measurements from space at a variety of wavelengths will be able 
to settle this important question. Figure 3 ,  which shows theo- 
retically determined energy output profiles across the solar disk 
for different spectral regions, is taken from Noyes' paper. 

measuring the submillimeter spectrum of sunspots. No data on the 
molecular spectrum of these important solar features are as yet 
available. Interesting studies might become possible and unsus- 
pected phenomena might be discovered when suitable submillimeter 
instrumentation is mounted on spaceborne observation platforms. 

The Space Science Board also points out the necessity of 

There are also hopes that submillimeter studies will assist 
in establishing in better detail the propagation history of solar 
outbursts on their path through the outer layers of the Sun. 
Since certain wavelengths can be associated with particular alti- 
tudes above the photosphere, disturbances in the emission at these 
wavelengths indicate the transition of the outburst through layers 
at these altitudes. In this way solar physicists are able to 
derive important facts on the radiative structure of these solar 
layers, and from time differences between transitions, the veloci- 
ties of the bursts. An example of such a history is given in 
Figure.4, which has been taken from R. J. Coates' paper (ref. 14) 
and which distinctly shows such time differences in the emissions 
at three different wavelengths or altitudes, respectively. 
Measurements at submillimeter frequencies would add another time 
interval to the sequence. 

From thermal submillimeter measurements of lunar and plane- 
tary surfaces it will further be possible to deduce some of their 
electrical properties (ref. 9). If combined with polarization 
studies, such experiments can also be used to study the surface 
composition of the moon or the planets (ref. 15). A series of 
moon-based submillimeter experiments has also been discussed in 
connection with the Lunar Exploration System for Apollo (ref. 16). 

Measurements of the absolute solar submillimeter spectrum 
will, finally, benefit ground-based astronomical experiments. As 
Gaitskell et a1 (ref. 17) have demonstrated, worthwhile and mean- 
ingful experiments of this kind are indeed possible, even from 
sea level, if one is willing to accept a number of difficulties, 
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and if one takes the appropriate precautions in the evaluation of 
results obtained. 

Since solar spectral data could furthermore serve as a 
basis for the calibration of the terrestrial atmosphere, these 
experiments might also result in absolute thermal flux measure- 
ments on the ground and will certainly become further useful in 
the study of the atmosphere itself. Making use of the heavy 
absorption of submillimeter radiation by water vapor, such studies 
could conceivably help in the analysis of the extreme upper 
atmosphere and maybe in resolving some questions of any weak water 
vapor layers there. 

A more detailed list of astronomical submillimeter problems 
of this kind -- many of them involving a multitude of individual 
experiments -- has been compiled from recent literature and is 
presented in Appendix A. 

Important applications of submillimeter waves lie also 
ahead outside the purely scientific disciplines, notably as part 
of spaceflight operational activities of the future and, particu- 
larly, where use is made of the intermediate resolution associated 
with submillimeter optical systems. This is specifically the case 
when -- because of fundamental principles of physics -- microwaves 
fail to discriminate sufficient optical detail and when, on the 
other hand, for the same reason visible and infrared methods would 
require hypersensitive and delicate instrumentation, either in 
order to bring an object into the field of view of an instrument 
or to keep it there. 

Searching for cold, dark, and small spaceborne objects is 
a point in case. An elaborate scanning system would often be 
necessary in such search activities, if visible radiation were 
used to survey a field that otherwise could effectively be covered 
with a fixed non-scanning submillimeter beam. Even if both the 
submillimeter and the visible beam were used in a scanning mode, 
the resulting reduction in scan time would roughly be inversely 
proportional to the wavelengths involved, typically, therefore, 
by a factor of l o 2  to 103. 
probability of losing a target would be smaller by three ordeys 
of magnitude, if compared with visible-light tracking; and cor- 
respondingly higher target velocities and directional change rates 
could be accommodated, while still considerably higher positioning 
accuracies could be attained than would be possible with micro- 
waves. 

Likewise, in tracking operations, th/e 

In contrast to passive, detection-oriented applications for 
which the basic technology became available in about 1960, the 
beginnings of active submillimeter techniques are tied to the 
introduction of coherent submillimeter radiation sources which, 
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for all practical purposes, came about no earlier than 1964. An 
additional determined effort, both in research and engineering, 
is therefore needed in order to eliminate this 3-year lag and to 
fully develop the potential inherent in active submillimeter 
methods. 

Precision pointing with visible light beams -- for example, 
for linking up the terminals or relay points of optical deep 
space communication nets -- could be simplified and considerably 
accelerated when an auxiliary, essentially boresighted, sub- 
millimeter system is used in a preliminary rough-pointing step. 
The 100- to 1000-fold search time reduction and beam-hold capa- 
bility would also apply here, as it would to other flight opera- 
tional functions, such as beam-ride guidance or tracking of 
reflectors mounted in cooperating vehicles. 

Finally, in the area of optical communications proper, the 
opening up of the submillimeter region would make available from 
several hundred to several thousand new separable communication 
bands (the actual figure depending on where the limits of the 
overall band are placed and what bandwidth resolution one is 
willing to accept as the attainable state of art). It also 
promises a communication capability combining uniquely the high 
point-to-point energy transfer efficiency, privacy, and compact- 
ness of equipment that is peculiar to small wavelengths, with the 
relaxed beam-finding and link-up requirements associated with 
low-frequency operation. Also, the technology of transmission, 
reception, and antenna control can be based on the well-established 
and well-understood principles of optics and can, at the same time, 
take advantage of the high level of development in the RF and 
microwave areas, notably with respect to coherence and wave ana- 
lytical techniques. Submillimeter communication therefore has 
its own merits and, accordingly, will take its own place and 
function within the space program. 

The advantages of optical communications over communica- 
tions using long wavelengths have often been discussed; recently, 
for example, by a group of the Hughes Aircraft Company (ref. 32) 
under contract to the NASA Goddard Space Flight Center. A figure 
of merit which compares the generalized communication theoretical 
potential of all wavelengths is given by 

2 2  (S/N) *BR hc M =  
A + ~ P ~ L  f 
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where 

S/N = signal to noise ratio 
B = bandwidth 
PT = transmitted power 

AT 
AR 
R = operating distance 
L = system loss factor 
Lf = frequency-dependent loss factor 
h = Planck's constant 
c = velocity of light. 

= area of transmitter antenna 
= area of receiver antenna 

M can essentially be understood as a figure representing 
the product of signal quality and signal quantity obtained per 
watt of transmitted power PT and distributed into a solid angle 
of 1 steradian. The signal quality is assumed to be character- 
ized by S/N and the signal quantity by the bandwidth B. 

For ideally loss-free operation (L = Lf = l), the figure 
of merit becomes 

where k = Boltzmann's constant and T the temperature of a source 
displayed against a O°K background. Figure 5, which is taken from 
the Hughes report, illustrates the inherent potential advantage 
of optical frequencies over microwaveS. Having a source tempera- 
ture of lOOoK and 2300 MHz, which is the current operating fre- 
quency for deep-space communications as reference quantities, the 
advantage for submillimeter waves amounts to a factor of 105. 

Compared with visible light, this is still inferior by a 
factor of 1000. However, provided that good judgment is made as 
to where and when submillimeter waves should be used: e.g., as 
to operation in loss-less space, low-temperature source, scan 
time, small cost for large-aperture systems, and the like, the 
optimal operating point for communication purposes can, and often 
will, shift into the submillimeter region, if the appropriate 
technology is available. 
filled and indeed is in many instances only in the very first 
phases of basic research. 
offered, it appears important, therefore, to attack the still 

This last condition is still not ful- 

In the light of the great potential 
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prevailing roadblocks which at this time are most noticeable in 
the areas of beam modulation and tuneable submillimeter sources. 
Promising starts have been made even in these most critical areas, 
however, and with a reasonable effort also these remaining prob- 
lems will be solved. 

Having discussed the expectations placed on submillimeter 
waves by the scientific and technical community, it appears in 
order to consider the state of the art of knowledge and to de- 
scribe what is being done to fulfill these expectations. 

HISTORICAL BACKGROUND OF SUBMILLIMETER 
RESEARCH AND TECHNOLOGY 

Under the definition given in the introductory paragraph, 
the beginning of submillimeter wave research reaches back to 
H. Rubens (ref. 3 3 )  when he succeeded in identifying and measuring 
theoretically predicted reststrahlen radiation in the 100-micron 
region, from NaCl (rocksalt) and KC1 (sylvine); and it is inter- 
esting to observe that many essential elements of the submilli- 
meter technology in use today were already available at the turn 
of the century. 

Platinum strip bolometers (ref. 341, thermopiles (ref. 3 5 1 ,  
and thermocouples -- the latter in the configuration of a micro- 
radiometer (ref. 3 6 )  -- were used as detectors: rare-Earth burners 
and quartz-mercury lamps served as primary sources of radiation; 
and grating spectrometers using metal gratings (ref. 3 7 1 ,  later 
supplemented by echelettes (ref. 3 8 ) ,  were employed for wavelength 
separation. 
far infrared by Rubens and Hollnagel (ref. 3 9 )  and Ignatieff 
(ref. 40), and quartz was the filter material preferred for short- 
wavelength cutoff while quartz mirrors and platinum wire grids 
were employed for polarization experiments (ref. 41). By 1925, 
Nichols and Tear (ref. 42) were able to separate and measure the 
emission of a quartz-mercury lamp at 420 microns, using black 
paper and quartz glass as filter materials. Some of the almost 
forgotten techniques, e.g., band separation by total reflection 
at a quartz-air or rocksalt-air interface by Jentzsch and Laski 
(ref. 43), have now deservedly been revitalized (ref. 44). The 
first reported penetration into the submillimeter region from 
the direction of the microwave region came in 1922 by Nichols and 
Tear who produced a discharge between very small wire oscillators. 
The smallest fundamental wavelength reached was 1 . 8  nun, while 
interferometric analysis revealed harmonics at wavelengths down 
to 0.8 mm. 

Interferometric methods were adopted for use in the 

As an interesting side issue, one may see, even from this 
historical account, why the submillimeter sciences are today 
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largely considered an optical -- as opposed to microwave or radio 
frequency -- discipline and why therefore most of the submilli- 
meter research today is conducted in optical rather than elec- 
tronic laboratories, although important submillimeter techniques 
have their origin in the microwave domain. In view of a lively 
controversy still going on about where to locate the submilli- 
meter region, Appendix B, which contains a number of references 
justifying the currently prevailing practice, is presented. 

While, subsequent to the initial period, submillimeter 
techniques became indispensable for the molecular spectroscopy 
of materials, this use remained virtually their only practical 
application, It is beyond the scope of this report to survey 
the application of submillimeter waves in this area. 

The severe opacity of the atmosphere to submillimeter 
waves -- attenuations between 79 and 118 dB/km at 600 GHz were 
measured by S.Y. Chang (ref. 45) -- left little chance for the 
expansion of the application and utility of the art outside the 
laboratory. Other basic obstacles were the very long response 
times and low sensitivities of the detectors used and the non- 
availability of suitable cooling techniques. 
the interest in the submillimeter region restricted itself to 
rather straightforward refinement and mechanization of the basic 
instrumentation. Except for the invention of a more sensitive 
and faster pneumatic submillimeter detector in the form of the 
Golay cell (ref. 46) and, more recently, the emergence of power- 
ful Fourier interferometric techniques, hardly any important 
development occurred to revive it. 

As a consequence, 

STATE OF THE ART OF SUBMILLIMETER TECHNOLOGY 

Together with the implementation of the space program it- 
self, the most important factor stimulating new interest in the 
submillimeter range was the development of detectors that were 
not only faster and more sensitive, but which, after some ad- 
ditional development, could be expected to withstand the rigors 
of the launch and to be suitable for unattended operation in the 
newly accessible space environment. 

In fact, an entire class of fast and efficient solid-state 
submillimeter detectors appeared. Among them were the super- 
cooled, antimony-doped germanium detector, the sensitivity of 
which extended to 135 microns (ref. 47); the impurity photo- 
conductor detectors, notably Putley's (ref. 48) indium antimonide 
detector; the gallium-doped germanium bolometer (ref. 49); and 
the so-called "hot-electron bolometer" which is based on direct 
absorption of radiation by the free electrons of a semiconductor 
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(ref. 50). The latest representative of this class is the super- 
cooled point contact detector, which is obtained by pressing to- 
gether two pieces of wire -- In, Pb, and other materials (refs. 
51, 52). It is still uncertain whether the point contact itself 
or the natural oxide layer of the material -- the latter forms a 
dielectric barrier capable of passing a "zero-voltage'' current -- 
is the active element in the detector (ref. 53). 

A s  shown in Table I, the new submillimeter detectors now 
offer sensitivities better by a factor of 1000 over those avail- 
able a decade ago. In the same period the all-important time 
constants have been improved by four to five orders of magnitude. 
The Josephson detector, for example, in its original In-In con- 
figuration and at 2.2OK has an N.E.P. of about 5 x watt 
Hz-3 and covers a range from about 200 to 3000 microns with a 
peak at 2000 microns, at a time constant at sub-microsecond, 
possibly sub-nanosecond, levels. Its response characteristics 
change depending on the materials used. Aside from In-In, also 
Nb-Nb, P1-P1, Ta-Ta, and Nb-Ta are being studied as point contact 
detectors (ref. 53). 

Recently, new submillimeter detectors have been proposed 
in the form of superheterodyne quantum receivers, more accurately 
called down-converter-maser-superheterodyne receivers (ref. 54), 
in which metal-doped crystals are used as principal detection 
agents. Chromium-doped cyanite (Cr3+ : Si02A1203) supposedly is 
useful for wavelengths upwards of 150 microns, while nickel- 
doped titania (Ni2+ :Ti02) and vanadium-doped sapphire (V3+ : 
Al203) can be employed at wavelengths >600 microns. Time con- 
stants <lO-7 sec are considered possible. Since none of these 
detectors seems to have been demonstrated in actual applications, 
they have not been listed in Table I, however. 

tion of the crucial associated cooling problem were made. The 
NASA Electronics Research Center played an important role in this 
development. 

obviously be the development of detectors that can be operated at 
room temperature. An early detector of this kind is the tungsten 
cat whisker which was found useful for laboratory experiments in 
the 1 mm range (ref. 55). The mechanical delicacy of the detec- 
tor and associated waveguide system, the low general radiometric 
sensitivity, and difficulties encountered in adjusting the re- 
sponse to submillimeter wavelengths have so far excluded the 
tungsten whisker from serious consideration for space experiments. 
Another attempt at a room temperature submillimeter detector, this 
time with emphasis on ruggedness, was made by the Airborne Instru- 
ments Laboratory of Cutler-Hammer, Inc., under a contract with 

Along with the detectors, important advances towards solu- 

The most effective solution of the cooling problem would 
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the NASA Electronics Research Center (ref. 56). Two broadband 
thermal detectors, both using thermistor bolometers behind a 
suitable absorber, resulted from this contract. Although the 
mechanical stability of the detectors is indeed remarkable, their 
marginal radiometric performance excludes them from use in space 
except, possibly, in low-rate, high-energy level applications 
(see Table I). 

In another effort, ERC is searching for new cooling tech- 
niques for space applications. The purpose of this work is to 
circumvent the operational hazards of the conventional closed- 
cycle, liquid coolant systems which, while well understood, 
generally are bulky and mechanically too complex to be reliable 
and which, at the same time, place high demands on the electrical 
system of a spacecraft. Therefore, the less complex open-cycle 
systems -- mostly using solid rather than liquid coolants -- and 
passive coolers are being considered for space use. The passive 
cooler essentially consists of a series of extremely well- 
insulated pan-shaped radiators nested into each other and ex- 
posed to the radiation of space by large blackened "guard" 
flanges. Another promising approach is now taken through an ERC 
grant to the Stevens Institute of Technology under which cooling 
effects by gas desorption from porous adsorbents are being in- 
vestigated using charcoal, zeolite, silica gel alumina and other 
material as adsorbents. In an optimal case, a temperature re- 
duction from 8OK to 2.6OK has been obtained at an initial pressure 
of 1 atm using 3 grams of adsorbent. Preliminary results on heat 
loads handled by this method are encouraging and research is 
therefore continuing (ref. 57). 

Physicists are now confident that a hybridized system con- 
sisting of an open-cycle Ar-CO2 cooler and/or the passive space 
radiator, in combination with a second, gas-desorption stage, can 
be developed to maintain one-digit Kelvin temperatures over use- 
ful periods of time, especially if intermittent operation is 
permissible. Except for valves, virtually no moving parts would 
be necessary in such a hybridized system. 

A developmental closed cycle liquid helium cooler could 
carry a heatload of about 1 watt at 400K at a needed power of 
about 2000 watts. For mechanical refrigeration at 77OK the cor- 
responding figures are 2 and 100 watts. In comparison, at the 
present state of the art, the solid argon-carbon dioxide cooler 
itself could handle a heatload of 25 mW and maintain temperatures 
below 50°K for 1 year in a 3000K environment. The system would 
weigh about 14 kg (30 lbs) and would require about .048  m3 
(1.7 ft.3) of space. Essentially, the amount of solid coolant 
carried determines the capability of the cooler. A 50-cm diameter 
passive space radiator which can be part of the system may dis- 
sipate 20 mW emanating from a source having a temperature of 400K. 
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While thus the development of cooling techniques is pro- 
gressing, it must be kept in mind that, first, without an effi- 
cient cooler, spaceborne submillimeter science would virtually 
be impossible, and, second, that all of the above systems would 
still require an intensive effort to make them fully space- 
qualified. 

An impulse decisively affecting the capabilities in the 
area of optically active operations -- pointing, tracking, 
guidance, communications, and the like -- came from the emergence 
of new high-powered sources of coherent radiation in the sub- 
millimeter range. 
from the microwave direction and reached 350 microns, Gebbie's 
cyanide and water vapor lasers (ref. 68) did so from the optical 
side, attaining 337 microns and thus closing the gap between the 
infrared and microwave portions of the spectrum. At 337 microns, 
where a number of different molecules have been found to lase, 
pulsed power outputs up to about 100 watts have been reached by 
Stafsudd and his co-workers (ref. 69) with a methane-nitrogen 
mixture. There is mounting evidence that HxCN is the real active 
species in the system (refs. 69, 70). Optical lasing has mean- 
while been achieved at many spectral lines out to almost 800 
microns. An additional number of potential submillimeter laser 
frequencies has been identified by Coleman (ref, 71). In some 
cases, cw operation has been demonstrated at acceptable power 
outputs * 

While the CSF carcinotron approached the region 

The rather ambitious goal to develop a tunable submilli- 
meter laser is now being attacked through a NASA-ERC project in 
which a semiconductor (or semimetal) bulk laser is being in- 
vestigated for suitability as the basic generator. Tuning is to 
be done by magnetic fields at liquid nitrogen temperatures, and 
pumping by means of a 10.6-micron C02 laser. A bismuth-antimony 
alloy is to be used as laser material. 

Recently, proposals have been made to develop a tunable 
coherent source using the interaction between the backward waves 
originating in certain strongly birefringent crystals, such as 
selenium, in their excited state (ref. 72). The output of such 
a system would generally be in the infrared and, by changing the 
direction of propagation, would be tunable over a wide range, 
e.g., 7 to 40 microns for selenium, depending on the pumping 
frequency employed. 
longer in other materials. An important operational aspect of 
this approach is that, by principle, coherence of radiation is 
here achieved without optical cavities and that therefore the 
internal alignment of the apparatus might become comparatively 
simple. 

The operating wavelength could be much 
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Table I1 reviews the current state of submillimeter wave 
generation and gives the references which should be consulted 
for details. One sees that also outside the 337-micron band 
power outputs in the order of watts have been obtained at a 
number of frequencies. Progress is also being made regarding 
the gain or, respectively, the length of the laser cavity which 
initially was on the order of 7 to 10 m, but which now has become 
smaller (1-3m) and manageable even by spaceflight standards fore- 
seen for the '70s. For example, the CH4-N2 laser by which 100 
watts of output were obtained was about 2.5 meters long. Opera- 
tional difficulties are still apparent from the generally low 
efficiency, however, which for the entire system is still on the 
order of 10-5 to 10-6. 

Figure 6 contains output data and spectral distribution of 
laser generators reported through 1967 and for comparison, also 
of the classical incoherent submillimeter sources and of a black- 
body at 5000°K, which is the estimated median temperature of the 
Sun for the submillimeter range. 

Meanwhile, also other methods of submillimeter wave genera- 
tion have been investigated. From this work, a number of new 
spectral bands have become available, although at power levels 
that are not useful for other than spectrometric purposes. Thus, 
by carcinotron mixing, wavelengths down to 311 microns (ref. 73) 
and 259 microns (1160 GHz) have been reached (refs. 74, 751, 
while Woods and Strauch (ref. 76) and a NASA/ERC/MIT team claimed 
to have generated 160 microns and 91 microns, respectively 
(ref. 73). 

Another approach to submillimeter wave generation has 
finally been pointed out by Langenberg et a1 (ref. 771, They 
are using Josephson-type supercooled tunnel junctions and predict 
that an output of about 1 mW of radiation can be obtained by a 
single junction if In, Pb, or Pb-Bi combinations are used. Wave- 
lengths generated with this arrangement so far include 860, 460, 
and 370 to 300 microns. 

Because of the inherently low power levels and very restric- 
tive efficiencies (0.01 to 0.1 percent) obtainable with these 
exotic generators, and because of the costliness and the mechan- 
ical delicacy of the generators themselves, an attempt is now 
being made through an ERC in-house effort to develop a rugged, 
solid-state, transistor-type generator for the l-mm range by 
which efficiencies in the vicinity of 10 percent band power levels 
approaching 10 mW are ultimately expected. Until such devices 
can be made operational, it can well be assumed that the laser 
and the classical incoherent radiators will for some time remain 
the primary sources of submillimeter radiation useful for appli- 
cations in space. A general review of the coverage of the 
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Wavelength 
(microns) 

71.4 
72.0 
72.4 
72.7 
73.3 
73.4 
73.5 
74.5 
76.3 

78.1 - 79.1 

78.5 

84.1 

84.3 
89.8 

107.7 
115.4 

118.1 - 118.8 
118.7 
120.1 
126.2 
128.8 
131.0 
135.0 
171.6 
181.9 
190.1 
195.0 

TABLE I1 
SUBMILLIMETER LASERS 

Origin 
* 

Power Output W 

4 .1 
0.008 
0.02 
8 x  1W2 
0.04 
2 x  103 

< .1 
0.04 
9x 
2x 101 

1.5 x IC1 cw 
0.007 

.I cw 
5 x  1U2 

2x 102 

6 x  IC+ 
1 x 1v2; cw 

7 x  1(r4 

0.001 

1 
1 
1 

0.2 
m 

.1 

.1 
2x 102 
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(meters) 

5 
5 
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5 
5 
5 
5 
5 
5 
3 

8.7 

5 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
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5 
5 
5 

Ref- 

70 
87 
87 
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87 

70,87 
70 
87 

70,87 
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82 
87 
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87 
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70 
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87 
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TABLE I1 

SUBMILLIMETER LASERS (Continued) 

Origin I Wavelength 
(microns 1 

~~ 
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- 
a 
0 

oz Y 3 10-2 

lo-' 

Figure 

Owe? Output w* 

5 x  la3 
4 x  IC2 
0.04 

0.003 
0.4 
0.7 

2x IC-* 

< .1cw 
1 0  
10.0 

1.6 1 ~ 3  

7 
.1 

5 x  la1 

cw 

- 
Tube Length 

(meters) 

5 
5 
5 
5 
5 
5 
5 
9 

2 5  
6.5 

3; 2.1 

5 

6.5 
6.5 

87 
87 
87 
80 
87 
87 
87 

69 
78 

82,86 
79 
87 

81,87 
78 
85 
86 

RARE-EFRTH AUER BURNER e D20 

OUTPUT 

6.- Submillimeter radiation sources 

23 



submillimeter range by the various generating techniques is pre- 
sented in Figure 7. 

Significant progress has also been made in the area of 
submillimeter wavelength separation. Possibly following leads 
stemming from work in the early history of submillimeter 
reststrahlen, and possibly also from the observation that halide 
crystals become transparent again at long wavelengths, Yamada 
et a1 (ref. 88) measured the far infrared and submillimeter 
transmittance of a large number of reststrahlen filters which 
they used in the form of powders inbedded in polyethylene sheets. 
Among others, NaF, RBr*, BaF2, LiF, NaC1, TlCl", TlI*, and CaC02 
were investigated. These filters can be employed, either by 
themselves or in combination, to produce short wavelength cut- 
offs at various wavelengths up to 200 microns. The gradient of 
the absorption curve was found to increase when finer powders 
and/or thinner layers were used. The gradients increased when 
the operating temperature decreased (ref. 90). Some of the 
reststrahlen materials are already routinely used as reflection 
filters for the same spectral region. Hadni (ref. 91) also 
fabricated band cutoff filters for the 90- to 150-micron range, 
with high transmittance on both sides, while Taub and Cohen 
(ref. 92) obtained beam-splitter or cutoff filter effects at 
900 microns when fused quartz/air slabs were used in the form 
of suitably configured oversized waveguides. 

Other, and possibly superior, substitutes for the powder- 
polyethylene filters are now becoming available and popular in 
the form of wire mesh filters with up to 11 wires per millimeter 
which provided an effective low-wavelength cutoff centered at 
150 microns at a reflectivity gradient of 1.5 percent per micron 
wavelength. Generally, wire mesh filters eliminate radiation of 
a wavelength shorter than roughly 1 . 3  times the mesh constant 
(ref. 93). With wire grid filters used in transmission, highest 
effectiveness is obtained at wavelengths between 1 and 1.2 times 
the mesh constant, depending on construction (ref. 94). Figure 8 
and Figure 9 show the transmittance characteristics of a number 
of powder and wire mesh filters. 

Wire mesh filters are now often fabricated by modern 
electro-deposition and photoetching techniques (ref. 95) and are 
of a precision that makes them practical for narrow-band wave- 
length separation in interferometric spectroscopy. When grid 
patterns of various designs are used in sequence along the optical 
path, a variety of high-pass, low-pass, and bandpass filters can 

*These, and some other materials, have been used as reststrahlen 
filters as early as 1913 (literature quoted in Schaeffer and 
Matossi (ref. 89)). 
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be obtained and absorption edge gradients of several orders of 
magnitude in distinct bands have been realized by the same 
author. 

It can be foreseen that wire mesh techniques will in- 
creasingly replace crystal methods, both in wavelength separa- 
tion and polarization applications. Meshes with 80 wires/mm can 
be produced, but the problems of filter flatness and wire paral- 
lelism will have to be solved before such fine mesh can compete 
effectively with more conventional means. A compact double 
Fabry-Perot interferometric spectrometer for the 200- to 1000- 
micron range, which is based entirely on wire mesh technology, 
is now under construction at the NASA Electronics Research 
Center. 

The new fabrication techniques are also used in the con- 
struction of precision waveguides for submillimeter and milli- 
meter wavelengths (ref. 96). Such wavelengths are becoming in- 
creasingly important in the matching of small detectors with 
their receiver optics which generally have a low resolution. It 
seems justified to assume that both the powder filters and metal 
grids will contribute significantly to spaceborne submillimeter 
spectroscopy, once they have been conditioned to withstand the 
rigors of the launch environment. NASA technologists are opti- 
mistic that this goal can also be achieved. 

Little has been said so far on submillimeter receiver 
optics, largely because the problems in this area are rarely 
more than an extension of those valid for the visible and in- 
frared regions and because progress will mostly depend on the 
emergence of new materials, fabrication methods, and control 
techniques. This applies particularly to refractive optics 
which, except for the use of some recent plastics in filters, 
for most practical applications still relies on the classical 
quartz technology. Reflection methods, in contrast, are benefit- 
ting much from the advances made in the conventional optical 
technology. 

Since surface quality of submillimeter mirror optics is a 
less critical constraint than in optics for the smaller wave- 
lengths, emphasis in submillimeter optical development can here 
be directed toward large apertures. The Space Science Board 
(ref. 2, p. 241) recommends studies into the feasibility of sub- 
millimeter telescopes with apertures in the order of 100 feet 
in diameter. Such large apertures will augment at the same time 
optical resolution, which declines linearly with wavelength and 
overall systems sensitivity, provided diffraction-limited per- 
formance is achieved, maintained, and indeed actually used during 
flight. 
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Theoretically, at a 500-micron wavelength, a l-m diameter 
diffraction-limited mirror will resolve about 2 minutes of arc. 
An optimally matched, that is, round, detector 2 mm in diameter 
would require a relative mirror aperture of about f/3.5 to achieve 
diffraction-limited resolution. These are figures attainable 
within the present state of the art. 

Major efforts are underway in the large optics area under 
NASA sponsorship both in-house and through contracts; initial 
results in the control of segmented mirrors have already been 
obtained, and current work is now being extended toward figure 
control for flexible, thin, large mirrors. 

Also in this important field, the demonstrated initial 
achievements give reason for confidence that, given time for 
development, the techniques will be practical in space applica- 
tions. Meanwhile, mirrors and telescopes, while marginal in 
size, are judged sufficient to assure success for the initial 
pioneering projects in submillimeter astronomy. 

STATE OF SUBMILLIMETER ATMOSPHERICS AND 
ASTRONOMICAL RESEARCH 

Since this report limits itself to the consideration of 
experiments outside the laboratory, a review of past work and 
achievements in the areas of submillimeter research can be short. 
Up to the mid 1950's virtually no literature existed on atmos- 
pheric and astronomical research in the submillimeter range 
proper. In 1957, Gebbie (ref. 98) identified a number of atmos- 
pheric windows at about 360, 460, 620, 730, 860, and 1360 microns, 
while measuring the solar spectrum with a Michelson interferometer 
from an altitude of 3450 meters. Only 7 years later the Russians 
opened a new round of atmospheric experiments (ref. 99) largely 
confirming Gebbie's results, as later also did Williams and Chang 
under a NASA grant to Ohio State University (refs, 100, 101). In 
general, these measurements held up the assumption that atmos- 
pheric submillimeter absorption is mainly due to water vapor. 
Figure 10 shows the absorption calculated on the basis of this 
theory, as taken from a paper by J. A. Bastin (ref. 9 ) .  On the 
other hand, Figure 11, which is the result of an experiment by 
Boyle and Rodger (ref. 58) in the 100- to 200-micron range, 
demonstrates that calculations or laboratory experiments fail to 
do full justice to actual conditions and that, indeed, consider- 
able detail may be gained by measurements in the field. 
sizing the millimeter range where absorptions are less severe, 
Baldock, Bastin, et a1 (ref. 102) measured from 2860 m the lunar 
radiation at 800 microns and above with a Golay cell (refs. 102, 
103). Farmer and Key (ref. 104) tried to determine the solar 

Empha- 
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Figure 10.- Atmopsheric absorption due to water vapor based on 
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Figure 11.- Atmospheric absorption spectrum in the region of 
150 microns (ref. 58, p. 69) 
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spectrum up to 400 microns with a Golay cell behind an f:7 
Czerny-Turner spectrometer, but even at an altitude of 5200 m 
failed to find radiation between 40 microns and the window at 
345 microns. The first continuous solar spectrum covering the 
entire submillimeter range -- actually the spectrum of a com- 
bination of solar and atmospheric emissions between 200 and 
2000 microns -- was obtained by Gaitskell and Gear (ref. 105) 
using a 1.6-m Cassegrain telescope with a Fabry-Perot inter- 
ferometer and a Golay cell on the Pic-du-Midi at an altitude of 
2880 m (Figure 12). The resolution obtained was about 60 microns 
at the lower end of the wavelength region covered and 30 microns 
at the higher end. The authors were also able to measure the 
radiation from the moon through the 740-micron window. 

Turning to weaker objects, but already using the more 
sensitive germanium bolometer and engaging the powerful Mt. 
Palomar 200-inch telescope, Low and his co-workers (ref. 5) suc- 
ceeded in detecting the 1-mm radiation from the moon from the 
prominent quasistellar radio sources 3C273 and 3C279 (ref. 106) 
and from Mars. 

Finally, as a step toward spaceborne submillimeter as- 
tronomy, a group at the NASA Goddard Institute for Space Studies 
under W. F. Hoffman (refs. 62-64) undertook the design of a 
balloonborne germanium bolometer and used the instrument in a 
program to detect and measure the submillimeter radiation from 
interstellar grains and other extended sources. Although the 
altitudes reached approached 10 km where most of the terrestrial 
water vapor would lie under the balloon, the overall sensitivity 
of the instrument (field of view 2 degrees, bandwidth about 60 
microns peaking at 320 microns) was too low to detect other than 
the moon's radiation. Further flights with smaller fields of 
view and at shorter wavelengths are being prepared (ref. 63). 
A submillimeter astronomical telescope with a projected 75-cm 
aperture and with a capability for Coud6 focus instrumentation 
is being constructed under a NASA Electronics Research Center 
contract with the Melpar Corporation, both as a test bed for 
submillimeter technology and as a research tool. Although this 
instrument is to be ground-based, plans have begun for a balloon- 
borne telescope which will ultimately be used aboard a satellite. 

NASA's ROLE IN SUBMILLIMETER RESEARCH AND DEVELOPMENT 

It is natural that a discipline whose main promise lies in 
its possible contribution to the space sciences would find a 
sponsor in the National Aeronautics and Space Administration. 
The earlier chapters of this report have already indicated that 
NASA supports a large number of programs in the area of submilli- 
meter optical -- in particular, astronomical -- technology. This 
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support is intended not only directly to outside groups actively 
engaged in the submillimeter sciences, but also through in-house 
work and contracts originated by NASA scientists. This way, NASA 
also provides help and encouragement to those sectors of the 
scientific community who could not, or who would not, wish to 
undertake a project unless the required technology were avail- 
able. 

Already, an impressive complex of submillimeter scientific 
capabilities has come into being at various Centers of the 
National Aeronautics and Space Administration, and it is fortun- 
ate that the activities of the NASA complex supplement the pro- 
grams in the European countries in a most advantageous way. 
While these latter programs are principally oriented toward 
fundamental submillimeter physics and ground-based atmospherics, 
the NASA fittingly concentrates on pioneering developments 
directed toward technological support of space scientific projects 
and spaceflight operational applications. 

Historically, because the revival of submillimeter tech- 
niques coincided with the inception of the NASA Electronics 
Research Center in 1963, the new Center's Optics Laboratory 
almost incidentally became NASA's principal project monitor for 
the programs specifically directed toward submillimeter sciences 
and has since grown into a focal point of national importance 
for submillimeter technological research and development. An 
additional number of supplementary projects is carried out in 
the Microwave and Component Technology Laboratories of the Center. 

The ERC program now covers the entire range of submilli- 
meter component technology from detectors and detector cooling, 
filters, lasers with their ancillary devices, and advanced inter- 
ferometer wavelength separation instruments, to the applications 
of such devices in submillimeter spectroscopic studies of materials 
and gases, in astronomy and in the atmospheric sciences. 

One of the principal projects underway at ERC is the sub- 
millimeter telescope mentioned earlier in this report. A photo- 
graph of the complete instrument is shown in Figure 1 3 .  A roof- 
top observatory (Figure 14) has been provided where auxiliary 
submillimeter instrumentation will be evaluated and developed for 
future balloonborne and, eventually spaceborne, use in these 
studies. It is expected that the telescope which is to have a 
Coudg focus configuration will make use of the experimental com- 
ponents, auxiliary equipments and techniques that are now being 
developed under other parts of the ERC program and will this way 
be used as a technological test facility. No decision has yet 
been reached on details of the final Coud6 instrumentation, but 
the installation of a narrow-band wire mesh Fabry-Perot inter- 
ferometer, which has been developed at ERC, and a gallium-doped 
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germanium bolometer cooled by a closed-cycle liquid helium cooler 
is contemplated for the first phase of the program. 

The initial design calls for a 75-cm diameter aperture, but 
the mount (Figure 15), which is German equatorial, will be con- 
structed to accommodate apertures of 100 or 180 cm diameter as 
well, and will also have provision for solar scanning. It is 
planned to invite the astronomical and technological community 
at large to participate in both the development and the spaceborne, 
observational phase of this program. The balloonborne part of the 
program is planned to be carried out in cooperation with the 
University of Denver. Initial observations will concentrate on 
obtaining high-resolution spectra radiometer data of the Sun 
through one of the atmospheric windows. Subsequently, attempts 
will be made to detect the Crab Nebula and galactic center which 
are expected to be the strongest of the non-solar system sources. 

The first part of the experimental program will concern it- 
self with the determination of the kind of observations that can 
be carried out from the ground considering both elevated and sea 
level'stations, and will therefore of necessity involve atmos- 
pheric studies with the Sun as a primary source of radiation. 
The results of these studies will determine the requirements forl 
and the further course of, technological development for future 
experiments. 

By no means does the ERC submillimeter program concentrate 
entirely on astronomical applications, however. Submillimeter 
lasers, both for laboratory use and other applications, have 
already been put in operation and their phenomenology is being 
studied; techniques for the control of laser action and frequency 
control are being investigated. The experiences gained in an 
Optics Laboratory space qualification program for other lasers 
are evaluated for applicability to submillimeter lasers as well. 
The same is true of current thin-mirror technology projects which 
aim at the control of mirror figure for large-aperture telescopes 
by means of push-pull actuators. A new laboratory with extensive 
instrumentation for the evaluation of submillimeter as well as 
other detectors has been established in cooperation with the 
Corona, California, Naval Ordnance Laboratory. Molecular struc- 
tural research is being carried out on optical materials needed 
in space applications and on the properties of gases abundant in 
the terrestrial and planetary atmospheres, together with studies 
on the emission of laser gases, and on the fine structure, line 
widths, Doppler shifts (ref. 107) and so on in the spectra of 
N20, HCN, and H20. The latter studies will lead to the absolute 
measurements of laser frequencies within a few parts in 107. 
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One of the applications of general scientific interest 
pursued in the Microwave Laboratory in cooperation with the 
National Bureau of Standards is the use of an ultrastable sub- 
millimeter power source in the determination of the velocity of 
light. Taking advantage of the possibility of measuring the 
frequency and the wavelength independently by means of harmonic 
mixing, an improvement in the accuracy of at least one order of 
magnitude is expected from this work. The ERC Component Tech- 
nology Laboratory, in particular, specializes in research on the 
optical and lasing behavior of bulk semiconductors in the sub- 
millimeter and near millimeter range. 

Outside ERC, the NASA Goddard Space Flight Center, through 
its Institute for Space Studies, has an active pioneering research- 
directed program in infrared astronomy, of which a substantial 
portion concerns itself with submillimeter observations from 
balloons. As mentioned earlier, the current, initial objective 
of the program is the search and mapping of diffuse emissions 
from interstellar grains by means of a low angular resolution 
germanium bolometer radiometer. The instrumentation for this 
program is modified between flights. Thus far three have been 
completed. 

In the light of the encouragement by authoritative consult- 
ing groups, such as the President's Science Advisory Committee 
and by the scientific community at large, it can well be expected 
that the submillimeter astronomical programs, and along with them 
all other related efforts, will grow both in scope and physical 
extent and that also other disciplines will make increasing use 
of this new and exciting capability as the potentials of the sub- 
millimeter region are more and more recognized. 

FUTURE SUBMILLIMETER TECHNOLOGY RESEARCH NEEDS 

A number of problem areas have been indicated that need to 
be covered if the inherent capabilities of submillimeter waves 
are indeed to be used to fullest advantage. While some of the 
possible submillimeter applications, notably ground-based ones, 
can already be implemented and carried to predictable success, 
there are others that still await the development of a specific 
technique or device, or possibly a rather straightforward improve- 
ment of existing hardware. 

Undoubtedly, the most critical, pacesetting research re- 
quired for any submillimeter wave application in space concerns 
the problem of cooling. While promising starts have been made, 
the importance of this requirement has only recently been fully 
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recognized, and a determined effort is needed here to move this 
area from fundamental laboratory research into the sphere of 
reliable field operation. A l s o ,  as long as only observation and 
detection-type activities are carried out, scientists can for an 
initial period get by with restricted cooling of the detector 
alone. However, more extensive cooling needs will doubtlessly 
arise when precise radiometric research is to be done and cooling 
systems for optical surfaces, enclosures, and shutters will have 
to be developed. For some special cases, old concepts, such as 
the tubeless telescope, might again have to be revived along with 
renewed research on topics such as the effectiveness of new 
baffling and shading arrangements. 
category and advanced passive cooling techniques will be particu- 
larly important for moon-based missions or long-duration, deep- 
space flights. 

Provisions of the latter 

The other most pressing need for measurement-type research 
is still a reliabile submillimeter radiation standard operating 
at well defined and reproducible power levels, firmly correlated 
with other calibration sources in other parts of the spectrum, 
and possibly adaptable for use in space. 
this type is yet in existence even for laboratory application and 
no truly accurate absolute measurements will be possible until 
such a source is established. 

No useful standard of 

The difficulties involved in making a submillimeter 
standard are manifold and range from the generally insufficient 
intensity of the basic source -- even a carbon blackbody would 
yield radiances only in the order of 10-9 watt cm-2 steradian-1 
micron-1 -- and the reliability of measurements of high tempera- 
tures, to the exact separation of the required bandwidth and 
measurements of effective bandwidth; the determination of the 
radiative properties of the materials involved, and the thermal 
and optical control of the environment, as well as to the seem- 
ingly simple and yet complex definition and maintenance of 
systems geometry. 

detector and the associated operating assembly, which is equally 
difficult to obtain because of the current ignorance on the 
energy conversion processes in the detector material used and 
even on seemingly trivial matters such as the submillimeter 
absorptance of the prime absorber or on how to mount and effec- 
tively cool a detector and its housing. It is sa€e to state that 
many current claims on measurement accuracies, detectivities, and 
power levels achieved will topple once a reliable standard source- 
detector combination is available. Needed in the same line is 
the development of a highest-precision receiving, transmitting, 
and imaging system for submillimeter waves. Because, at the wave- 
length in question, detectors and sources can be matched in both 
size and shape with the diffraction figure of the optics involved, 

Likewise necessary is a well defined, reliable, low-noise 
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this system could achieve optimum resolution and best possible 
radiometric efficiency in passive as well as active applications. 
Using fabrication and quality tests customary for a visible-light 
system, the effects of surface imperfections and figure deviations 
could be held in the order of 1/1000 or less of the operating 
wavelengths, and because also full-surface mirrors would be used 
-- thus avoiding uncontrolled side lobes -- the image quality 
obtained by such a system could be expected to be in every way 
optimal at a minimum system size. A system of this kind could 
serve as a high precision collimator and research tool for 
sensitive tests and simulations and would, at the same time, 
constitute a standard for submillimeter image quality. 

Much important research can be done with limited accuracy, 
however, especially when the objective is observation and detec- 
tion rather than precise radiometric measurement. Thus, high- 
sensitivity heterodyne detection techniques, which show promise 
in the adjacent spectral bands, will also be worthwhile studying 
in the submillimeter region, and image forming devices or tech- 
niques -- involving, maybe, detector arrays and mosaics and 
scanning methods -- will become necessary. 

It still seems worthwhile to urge scientists and agencies 
to actively look for new, effective submillimeter image conversion 
principles. To raise the efficiency of receiver systems, single- 
mode, light-pipe techniques, and light-pipe geometries and methods 
to fabricate them must be developed. Supersize optics, probably 
foldable or self-forming, surface-controlled and configured for 
deployment in space, will be needed both to accommodate the low- 
,energy levels of the objects studied and to make high-resolution 
scanning possible even at submillimeter wavelengths. Likewise, 
new materials must be examined for "color"-corrected refractive 
or quasi refractive, for example, Fresnel-type, optics and radi- 
ation processing devices, such as polarizers, rotators, and 
miniaturized submillimeter interferometers. 

Requirements for so-called active operations, that is, 
operations using their own basic radiation source, may be even 
still more urgent than those for passive ones. Not only are 
many more wavelengths to be made accessible for a host of appli- 
cations, notably to satisfy the needs for more communication 
channels, but the energies associated with them must be sufficient 
to penetrate perturbations in the path of light. Modulators and 
easily controllable phase shifters are so far virtually non- 
existent key components for communication systems, and no sub- 
millimeter communication will be possible without a considerable 
effort to make them available. Similarly, new efficient tuning 
techniques, probably using other than Zeeman or Stark effects 
which require excessive power levels, are needed, especially for 
spectral studies of such perturbations and to provide a possibility 
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to match frequencies accurately with the spectral windows of both 
terrestrial and planetary atmospheres. 

Of course, the listing of necessary techniques, components, 
or systems of the kind discussed in this report cannot pretend 
to be complete; indeed it can reflect only the most urgent and 
immediate needs. Moreover, it is useful to remember that any new 
technique or component developed not only must be capable of 
functioning, but at the same time it must be what is now called 
"space-qualified." This is a term that comprises a process 
encompassing, for example, hardening against meteorite impact 
and radiation; lifetime and reliability enhancement; conditioning 
against the detrimental influences of space temperature and 
temperature differentials, pressure and gravity; adaptation to 
allowable space, weight, and power requirements, and many others. 
Even the most limited list of new development requirements 
therefore reaches into manpower and funding resources of many 
years ahead, and a most careful decision will be necessary to 
establish where priorities should be placed and where tradeoffs 
should be accepted. 

CONCLUSION 

This report has undertaken to review the status of present 
submillimeter science outside the area of molecular spectroscopy 
and to communicate at the same time an impression of its rather 
dramatic development during the current decade. While 10 years 
ago the submillimeter range was primarily known as "the gap," 
scientists now appear to move with a considerable degree of 
freedom through the region. Most of this development can be 
directly traced to the impact of the space program. The new 
scientific discipline of submillimeter astronomy is emerging from 
this combination and other applications are constantly opening up 
for submillimeter waves. NASA has appropriately taken the lead 
in developing the new technology required for the utilization of 
the new capabilities and a new focal point for the submillimeter 
sciences is forming at the NASA Electronics Research Center. 
While the basic submillimeter technology for passive detection 
and observation tasks is available, "active" operations lag 
behind, and measurement-type experiments must still wait for the 
development of reliable absolute standards. 

Perfectionists' contempt notwithstanding, physicists ob- 
viously can now rightfully claim that the barriers still sur- 
rounding the submillimeter "gap" are indeed crumbling. Closing 
this gap will accomplish vastly more than just satisfying a desire 
to do a scientific good deed or to remove a blemish that in some 
intellectual esthetes has caused feelings of discomfort and em- 
barrassment. Quite distinctly the achievements of the last decade 
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prove that through diligent use of submillimeter waves a vast 
number of problems, both in the universe and close to Earth, can 
be brought nearer to their solution and that this still wide open 
and rewarding field deserves indeed the encouragement and deter- 
mined support urged by high-level scientific authorities. 

National Aeronautics and Space Administration 
Electronics Research Center 
Cambridge, Massachusetts, April 1968 

125-22-02-33 
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APPENDIX A 
POSSIBLE SPACEBORNE SUBMILLIMETER EXPERIMENTS 

Cosmology 
1. Radiation from interstellar grains (ref. A-1) 
2. Submillimeter celestial mapping (ref. A-2, Part 2, page 107) 
3. Synchroton sources (Quasars, Crab Nebula, etc.) (ref. A-3) 
4. Mapping of low temperature celestial bodies, stars and star 

5. Molecular hydrogen and Ne++ line radiation (ref. A-4) 
6. Cosmic background radiation (ref. A-3) 
7. Celestial natural laser action (ref. A-3) 
8. Continual monitoring of time-varying sources (Quasars, H11 

clusters (protostars, dense clouds, etc.) (ref. A-3) 

regions, late stellar evolutionary stages (ref. A-3; H. Weaver, 
in ref. A-5, page 16) 

planetary nebula) (refs. A-6,7) 
9. Thermal emission from galactic H11 regions (galactic center, 

Solar Physics 
1. Measure complete solar spectrum and total solar flux 
2. Determine point of neutral solar limb (neither darkening nor 

brightening) * 
3. Propagation of solar events, e.g., proton acceleration 

through solar atmosphere (J.W. Warwick, ref. A-5, page 35) 
4. Structure of low chromosphere (R.J. Coates, ref. A-5, page 43) 

and compare with structure found in photosphere using other 
parts of spectrum (J.W. Warwick, ref. A-5, page 27) 

5. Use of sun as reference source for radiative output** 
6. Determine gradient and minimum of solar brightness temperature 

7. Revision of solar models (ref. A-8) 
Planetary Sciences 

(ref. A-2, Part 2, page 34) 

1. Dielectric constant of lunar or planetary surface (ref. A-2, 

2. Upper atmosphere transmission (water vapor, trace constituents) 
3. 

page 107; ref. A-9; ref. A-10) 

High resolution spectroscopy of Jupiter and Venus 
Atmospheric Optics 
1. High resolution measurement of atmospheric windows for sub- 

millimeter radiation (ref. A-11) 
Spaceflight Operations 
1. Space-to-space pulse communication 
2. Rough pointing 

*Private communication, L. Goldberg, Harvard College Observatory 
Cambridse, Mass. 

**Private-communication, A. Unsold, Univ. of Kiel, Germany 
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APPENDIX B 
DEFINITION OF "OPTICS" 

1.. ... The study of the phenomena associated with the generation, 
transmission and detection of electromagnetic radiation in 
the spectral range extending from the long-wave edge of the 
X-ray region to the short-wave edge of the radio region. 
This range, often called the optical region of the electro- 
magnetic spectrum, extends in wavelength from about 10 ang- 
stroms to about 1 mm." (ref. B-1) 

2.  "...The range of waves from a few millimeters to 2.5 x 
mm in len th is known as the far infrared region, that from 
2.5 x 10-3 to 7.5 x 10-4 mm is known as the near infrared. 
Waves that can be seen by the eye range in length from 
7.5 x 10-4 mm in the red to 4 x 10-4 mm in the violet; 
range is called the visible region. Waves slightly too short 
to see, 4 x 10-4 to 3 x 10-4 mm, lie in the near ultraviolet; 
then come the far ultraviolet; and the extreme ultraviolet 
regions, which extend from 3 x 10-4 to 2 x 
there to 2 x 10-6 mm, respectively. 
these shorter waves, they are studied in vacuum, and the 
range from 2 x to 2 x mm is also known as the 
vacuum ultraviolet. I' (ref. B-2) 

this 

mm and from 
Since air is opaque to 

3 .  "...It is the meaning of optics to include radiant energy 
propagated by waves that are either too long or too short to 
be perceived by our eyes, but which can be studied by 
essentially the same methods as are used for the visible 
region." (ref, B-3) 

40 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

P r e s i d e n t ' s  Science Advisory C o m m i t t e e ,  The Space Program i n  
t h e  Post-Apollo Period,  White House, February 1967, Obtain- 
a b l e  from Superintendent  of Documents, U. s. P r i n t i n g  Of f i ce ,  
Washington, D. C. 20402. 

Space Science Board, Nat iona l  Academy of Sciences/National 
Research Council ,  Space Research, D i rec t ions  f o r  t h e  Future ,  
Pub l i ca t ion  1403, pp. 180, 221, 241, 250-255, 335, 1966. 

B a s t i n ,  J. A.:  I n f r a r e d  Phys., vol.  6, pp. 209-221, 1966. 

Oke, J. B.:  J.O.S.A., vol. 58, 731, May 1968. 

Low, F. J . ,  and Davidson, A. W. :  Astrophy. J. ,  vol.  142, 
pp. 1278-1282, 1965. 

Murray, B.  C . ,  and Westphal, J .  A.:  S c i e n t i f i c  American, 
V O ~ .  213, pp. 20-29, 1965. 

Becklin,  E. E . ,  and Neugebauer, G.: Astrophys. J. ,  vol.  151, 
pp. 145-161, 1968. 

S t e i n ,  W .  A.: Astrophys. J . ,  vol .  148, pp. 689-694, 1967. 

Bast in ,  J .  A . :  The T i m e s  Science R e v i e w ,  p. 1 2 f f ,  Spring 1966. 

Tolbe r t ,  C. W.: N a t u r e ,  vol. 206, pp. 1304-1307, NO. 4991, 
1965. 

Kislyakov, A. G . ,  and Labski i ,  Y. V.: Sov. A s t r .  A. J . ,  
V O ~ .  11, pp. 561-564, 1968. 

R e e s ,  M. J .:  Mon. N o t .  R. A s t r .  SOC., vol .  137, pp. 429-444, 
1967. 

Noyes, R. W . :  Paper given a t  Symposium on I n f r a r e d  Astronomy, 
Roy. A s t r .  SOC., 1967. 

Coates, R. J.: Proc. IEEE,  vol.  54, p. 471, 1966. 

Meyer, J. M.: Proc. IEEE,  vol.  54, p. 484, 1966. 

North American Aviation Corporation, S c i e n t i f i c  Mission 
Support f o r  Extended Lunar Explorat ion,  F i n a l  Report, 
SID-66-957-3, 1966; also, A Study of S c i e n t i f i c  Mission 
Support of a Lunar Explorat ion System f o r  Apollo, Cont rac t  
NASw-1047, F i n a l  Report SID 65-289-2, vol.  11, June 16, 1965. 

41 



1 7 .  G a i t s k e l l ,  J. N . ,  N e w s t e a d ,  R. N . ,  and B a s t i n ,  J. A.: P a p e r  
given a t  Symposium on Infrared Astronomy, Roy.  A s t r .  SOC., 
1967.  

18.  Wort, D. J. H.: Nature ,  vol.  1 9 5 ,  pp. 1288-1289, 1962 .  

1 9 .  T o l b e r t ,  C .  W . ,  and S t r a i t o n ,  A. W. :  A s t r .  J . ,  vol. 1 3 4 ,  
pp. 91-95, 1961 .  

20. 

21.  

22. 

23 .  

24. 

25. 

26. 

27.  

28 .  

29. 

30. 

31. 

32.  

33. 

34 .  

35. 

C o a t e s ,  R. J., Gibson, J. E . ,  and Hagen, J. P.:  A s t r .  J . ,  
V O ~ .  1 2 8 ,  pp. 406-415, 1958 .  

Simon, M.: A s t r .  J . ,  vol. 1 4 1 ,  pp. 1513-1522, 1965 .  

S t a e l i n ,  D , :  S o l a r  P h y s i c s ,  vol. 3, pp. 26-27, 1967.  

Coates, R. J . :  A s t r .  J . ,  vol .  1 2 8 ,  pp. 406-415, 1958 .  

Murcray, F. H . ,  Murcray, G . ,  and W i l l i a m s ,  W. J.: A p p l .  O p t . ,  
V O ~ .  3 ,  pp. 1373-1377,  1964 .  

S a i e d y ,  F. ,  and Goody, R. M. : Mon. N a t ,  Roy. A s t r .  SOC., 
vol. 1 1 9 ,  p. 213 ,  1956 .  

Fa rmer ,  C.  B . ,  and Todd, S. J.: J. A p p l .  O p t . ,  vol .  3 ,  
pp. 453-459, 1964 .  

Kondratiev, R. J . ,  A n d r e w ,  S.  D; Badinov, I. Y . ,  Popova ,  L .  V. ,  
and G r i s h e c h k i n ,  V.  S.: J. A p p l .  O p t . ,  vol .  4 ,  pp. 1069-1076,  
1 9 6 5  (selected va lues  o n l y ) .  

L e g a l l e y ,  D. P . :  S p a c e  S c i e n c e ,  pp. 1 1 2 ,  1 8 0 ,  576 ,  593,  Wiley, 
New York ,  1963 .  

B a s t i n ,  J.  A . ,  e t  a l . :  P r o c .  Roy.  SOC., vol. A278, p. 543 ,  
1964 .  

B e e r ,  R . :  Nature ,  vol .  209 ,  p. 1 2 2 6 ,  1966.  

Noyes, R. W . :  P h i l .  Trans.  Roy.  SOC., 1968.  

Hughes A i r c r a f t  Corporation, Culver C i t y ,  C a l i f . ,  Aerospace 
Group, Report HAC-A7747/P66-135) C o n t r a c t  NAS5-9637, 1966 .  

Rubens, H. ,  and Nichols ,  E. F. :  Wied. Am.,  vol .  60 ,  p. 418,  
1897 .  

Swanberg,  A. F . ,  Pogg. A n n . ,  vol.  84 ,  p. 4 1 1 ,  1857 .  

Rubens, H. :  Z S  I n s t r .  K d e . ,  vol. 1 8 ,  p. 65,  1898.  

42 



36.  

37. 

38.  

39.  

40. 

41. 

42. 

43.  

44. 

45 ,  

46. 

47.  

48.  

49.  

50. 

51. 

52.  

53. 

54.  

D'Arsonval, SOC. Franc. d,  P h y s . ,  vol.  77 ,  p. 3 0 ,  1886 .  

D u B o i s ,  H . ,  and Rubens, H.: Wied. Am. Bd. ,  vol.  49 ,  p. 594 ,  
1893.  

Wood, R. W . :  P h i l .  Mag., vol.  20 ,  p.  770,  1910.  

Rubens, H . ,  and Hollnagel,  H. :  B e r l .  B e r , ,  p. 26 ,  1910.  

I g n a t i e f f ,  A.: Ann. d. Phys . ,  vol. 43,  p. 1 1 7 ,  1914 .  

D u B o i s ,  H . ,  and Rubens, H.:  Am. d. P h y s . ,  vol.  35 ,  p. 243 ,  
1911 .  

Nichols ,  J. F.,  and T e a r ,  J.  D.: Geiger and S c h e e l ,  Handbuch 
der P h y s i k ,  vol.  1 9 ,  p. 826 (J. S p r i n g e r ,  Verlag, B e r l i n )  
1929.  

J e n t z s c h ,  F. a n d  Lasky ,  G . :  Geiger and S c h e e l  Handbuch der 
P h y s i k ,  vol .  1 9 ,  p. 816 (J. S p r i n g e r ,  V e r l a g ,  Be r l in )  1928 .  

Wet t l ing ,  W . ,  a n d  Genzel ,  L.: Infrared P h y s . ,  vol.  4 ,  p. 253, 
1964.  

Chang, S. Y . :  P r o c .  IEEE, vol.  54 ,  pp. 459-461, A p r i l  1966 .  

Golay, M. J.: R e v .  S c i ,  I n s t r . ,  vol. 1 8 ,  pp. 347 ,  357 ,  1947.  

Fray, S. J . ,  and Ol iver ,  J.  F. C , :  J. S c i .  I n s t r . ,  vo l .  3 6 . ,  
pp, 195-196,  1959 .  

P u t l e y ,  E. H . :  P r o c .  Phys .  SOC. London, vol .  7 6 ,  pp. 802-805,  
1960 .  

LOW, F. J.:  JOSA, V O ~ .  51, pp. 1300-1304,  1961.  

R o l l i n ,  B .  V.: P r o c .  Phys .  SOC. London, v01. 77,  p. 1 1 0 2 ,  1 9 6 1 .  

Josephson, B. D.:  Adv.  P h y s . ,  vo l .  1 4 ,  p. 419,  1 9 6 5 .  

G r i m e s ,  C. C . ,  Richards,  P. L . ,  and S h a p i r o ,  S . :  Phys. Rev.  
L e t t e r s ,  vol,  1 7 ,  pp. 431-433, 1966 .  

S h a p i r o ,  P a p e r  given a t  Symposium on t h e  P h y s i c s  of Supercon-  
duct ing Devices, Univ. of V i r g i n i a ,  28/29 A p r i l  1967 .  

K r m ,  C. F . ,  and Haddard, G.  I.: P r o c .  IEEE, vol. 54 ,  
pp, 627-632, 1966.  

4 3  



55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

Klein,  J. A. ,  Loubser, J. H. N . ,  Nethercot,  A. H . ,  and 
Townes, C.  H . :  R e v .  Se i .  I n s t . ,  vol.  23, p. 78, 1952. 

Wang, M. T . ,  and A r a m s ,  F. R.: Airborne Ins t ruments  Labora- 
t o r y ,  C u t l e r - H a m m e r ,  Inc . ,  Report 0042-2, NASA Contract 
NAS 12-6 F i n a l  Report, 1967. 

Daunt, J. G.: Desorption Cooling a t  Temperatures below 20'K.  
Paper given a t  I n t .  Conf, Cryogenic Eng., Kyoto, Japan, 
Apr i l  1967. 

Boyle, W. S . ,  and Rodger, K. F.: JIO.S.A., vol.  49, pp. 66-69, 
1959. 

Kinch, M. A . ,  and R o l l i n ,  B.V.: B r i t .  J .  Appl. Phys., vol. 14, 
pp. 672-676, 1963. 

Martin,  D. H . ,  and B l o o r ,  D . :  Cryogenics, vol.  1, p. 159, 
March 1961. 

Roberts,  V.: Recent Advances i n  I n f r a r e d  Detectors, Royal 
Radar Establishment,  Malvern, England, Memorandum Z S  
May 21, 1962. 

Hoffman, W. F , ,  and Woolf, N. J.: Goddard Space F l i g h t  Center,  
I n s t i t u t e  f o r  Space Studes,  Memorandum " In f ra red  Astronomy", 
N67-33905, NASA-TM-X-60129, May 24, 1967. 

Hoffman, W. F., Woolf, N. J . ,  Frederick,  C. L . ,  and Low, F. J.: 
Science,  vol.  157, pp. 187-189, 1967. 

Hoffman, W, F., Woolf, N. J . ,  and Low, F. J.:  Astron. J . ,  
vol.  72, p. 804, 1967. 

Put l ey ,  E. H . :  Appl. Opt ics ,  vol .  4, p. 649, 1965. 

Shenker, H . ,  Moore, W.  T. ,  and Swiggard, E. M.:  J .  Appl. 
Phys., vol.  35, p. 2965, 1964. 

B r a t t ,  P.  R.: Indium Antimonide Research Sample f o r  Applica- 
t i o n  on Elec t ron  B o l o m e t e r ,  Santa Barbara Research Center,  
F i n a l  Report, Project  4534, Contrac t  NRL N o .  N00173-67-C0032, 
September 1966. 

Gebbie, H,  A. ,  e t  a l . :  Nature, vol.  202, pp. 169, 685, 1964. 

Stafsudd, 0. M. ,  Haak, F. A. ,  and Radisavl jev ic ,  K. :  IEEE J. 
Quant. E l e c t . ,  vol.  QE-3, pp. 618-620, 1967. 

44 



70 , 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

Mathias, L. E. S . ,  and Crocker, A , :  Phys. Letters, vol.  13, 
p. 35, 1965. 

Coleman, P. D.: Univ, of I l l i n o i s  F i n a l  Report on AF-AFOSR 
Grant SREE/AFOSR, 804-866, AD 648760, December 1966. 

H a r r i s ,  S. E.:  Appl. Phys. Letters, vol. 9, pp. 114-116, 
1966. 

Frenkel,  L.: Proc. IEEE,  vol.  55, p. 1197, 1967. 

Gordy, W . ,  and Jones, G.: Phys. R e v . ,  vols, 135A, A295, 1964. 

Strauch,  R. G . ,  Miesch, R. A . ,  and Cupp, R. E. :  IEEE Trans. ,  
vol .  MTT13, p. 873, 1965. 

Woods, D. R., and Strauch,  R. H. :  Proc. IEEE,  vol .  54, p. 673, 
1966. 

Langenberg, D. N . ,  Scalapino, D, J . ,  and Taylor,  B. N . :  IEEE, 
V O ~ .  54, pp. 560-575, 1966. 

Ste f fen ,  e t  a l . :  Phys. Letters, vol. 20, p. 20, 1966. 

C a m a n i ,  e t  a l . :  Zs.  Angew. Math. Phys., vol. 16 ,  p. 562, 1965, 

Flesher  and Muller: Proc. IEEE,  vol .  54, p. 543, 1966. 

Matthias ,  e t  a l . :  E lec t ronics  Letters,  vol. 1. p. 45, 1965. 

Dyubko, e t  a l . :  JETP Letters, vol .  6, p. 80, 1967. 

Gebbie, e t  a l . :  Nature ,  vol .  211, pp, 62, 19, 1966. 

Crocker, e t  al . :  Nature ,  vol. 201, p. 250, 1964. 

S t e f f e n ,  e t  a l . :  Phys. Letters, vol. 21, p. 425, 1966, 

Muller  and Flesher:  Appl. Phys. Letters, vol. 8, p. 217, 1966. 

Mathias, L. E. S . ,  Crocker, A . ,  and W i l l s ,  M .  S . :  SERL Report 
M-237, United Kingdom Minis t ry  of Defense, Serv ices  Elec t ron-  
i c s  Research Labora tor ies ,  Baldock, Her t fordshi re ,  England, 
1966. 

Yamada, Y. ,  Mi t su i sh i ,  A , ,  and Yoshinaga, H.:  J .O.S .A. ,  
vol. 52, p. 17, 1962. 

Schaef fer ,  C.! and Matossi, F.: D a s  Ultrarote Spektrum, 
p. 63 (J. Springer ,  V e r l a g ,  B e r l i n ) ,  1930. 

45 



90. Zwerdling, J., and T h e r i a u l t ,  J. P.: Appl. Opt., vol. 7, 
p. 209, 1968. 

91. Hadni, A. ,  S t r imer ,  P . ,  Claudel,  J , ,  Descamps, E . ,  and 
Gerbaux, X.: C o m p t e s  Rend, vol. 255, p. 1595, 1962. 

92. Taub, J. J . ,  and Cohen, J , :  Proc. IEEE,  vol.  54, p. 647, 1966. 

93. Mitsu ish i ,  A . ,  Otsuka, Y . ,  F u j i t a ,  S., and Yoshinaga, H.:  
Jap.  J.  Appl. Phys., vol. 2, p. 574, 1963. 

94. Renk, K. F., and Genzel ,  L.:  Appl, Optics ,  vol.  1, p, 643, 
1962. 

95. Ulr ich ,  R.: I n f r a r e d  Physics ,  vol. 7, pp. 37-55, 1967. 

96. Anderson, D. B . ,  and August, R. R. :  Proc, IEEE,  vol.  54, 
p. 657, 1966. 

97. Yoshinaga, H . :  Jap.  J. Appl. Phys., vol. 4, Suppl. 1, 
pp. 420-428, 1965. 

98. Gebbie, H. A.: Phys. R e v . ,  vol .  107, pp. 1194-1195, 1957. 

99. Aberkov, S. I . ,  Anikin, V. I . ,  Ryadov, V. Y a . ,  and 
Furaskov, N .  I . :  Astron. Zh., vo l .  41, p. 542, 1964. 

1 0 0 .  W i l l i a m s ,  R. A. :  An In t e r f e romet r i c  Receiver f o r  Submilli-  
m e t e r  Radiometry, Antenna Lab, Ohio S t a t e  Universi ty  Report 
1093-25, Grant  NsG-74-60, 1965. 

1 0 1 .  W i l l i a m s ,  R. A . ,  and Chang, W. S.  C.:  
pp. 462-470, 1966. 

Proc. IEEE,  vol. 54, 

102. Baldock, R. V., B a s t i n ,  J. A. ,  Clegg, P. E . ,  Emerey, R. ,  
G a i t s k e l l ,  J. N., and G e a r ,  A. E. :  As-rophys. J. ,  vol. 141, 
pp. 1289-1293, 1965. 

103. Bast in ,  J. A. ,  G e a r ,  A. E . ,  Jones,  G. O . ,  Smith, H. J. T . ,  
and Wright, P.  J.: Proc. Roy. SOC., vol.  A 278, pp. 543-573, 
1964. 

104. Farmer, C. B., and Key, P. J.:  J. Appl. Opt., vol. 4, 
pp. 1051-1068, 1965. 

105. G a i t s k e l l ,  J .  No, and G e a r ,  A. E . :  Icarus, vol.  5, 
pp. 237-244, 1966. 

46 



1 0 6 .  

107 .  

A-1. 

A-2. 

A-3. 

A-4. 

A-5. 

A-6. 

A-7. 

A-8. 

A-9. 

A-10. 

A-11. 

B-1. 

B-2 , 

Low, F. J.: Astrophy. J., vol .  1 4 2 ,  pp. 1287-1289, 1965. 

Hocker, L.  O . ,  Javan, A. ,  and Ramachandra R a o ,  D . ,  Frenkel,  L . ,  
and S u l l i v a n ,  T. :  Appl. Phys. Letters, vol .  1 0 ,  p. 1 4 7 ,  1967.  

REFERENCES - APPENDIX A 

S t e i n ,  W. A.: Astrophys. J . ,  vol .  1 4 4 ,  p. 318, 1966.  

Space Science Board, Nat iona l  Academy of Science/National 
Research Council, "Space Research, Di rec t ions  f o r  t h e  Future ,"  
Pub l i ca t ion  1403, 1966 .  

Joffman, W. F. ,  and Woolf, N. J.: Goddard Space F l i g h t  Center, 
I n s t i t u t e  f o r  Space S tud ie s ,  Memorandum, I n f r a r e d  Astronomy, 
N67-33905, NASA TMX-60129, May 2 4 ,  1 9 6 7 .  

Gould, F. J.:  Proc. I A U  Symposium Paper 23, Liege, A 6 6  21078 
10-29 ,  1 9 6 4 .  

Proceedings,  NASA ERC Symposium on Submillimeter Wave 
Technology, 1965. 

Bekclin,  E. E . ,  and Neugebauer, G . :  Astrophys. J . ,  vol .  151, 
pp. 145-161, 1968.  

Gould, R. J.: Astrophy. J . ,  vol .  143, p. 603, 1966.  

Noyes, R. W. :  Paper given a t  Symposium on I n f r a r e d  Astronomy, 
P h i l .  Trans. Roy. SOC. A s t r . ,  1968.  

Bas t in ,  J.  A.:  The T i m e s  Science Review, p. 12, Spring 1966 .  

G a i t s k e l l ,  J. N . ,  and Gear, A. E . :  I c a r u s ,  vol .  5, 
pp. 237-244,  1966 .  

Murray, B. C , ,  and Westphal, J. A.:  Sc ien t .  Am., vol .  213, 
pp. 20-29,  1965. 

REFERENCES - APPENDIX B 

Encyclopedia of Science and Technology, vo l .  9 ,  p. 362, 
M c G r a w - H i l l ,  New York, 1966. 

Harrison, G.  R . ,  Lord, R. D , ,  and Loofbourow, J. R.: P r a c t i c a l  
Spectroscopy, p. 2 ( P r e n t i c e  Ha l l ,  Inc.  New York), 1948. 

B-3, J.O.S.A., V O ~ .  4 4 ,  p. 1137, 1954. 

NASA-Langley, 1968 - 7 c- 3 7 47 



IVATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 20546 

OFFICIAL BUSINESS 

POSTAGE A N D  FEES PAID 
NATIONAL AERONAUTICS A N D  

SPACE ADMINISTRATION 

POSTMASTER: If Undeliverable (Section 158 
Postal Manual) Do Not Return 

“The aeronautical and space activities of the  United States shall be 
condzdcted so as t o  contribute . . . t o  the expansion of b z m a n  knowl-  
edge of phenomena in the  atmosphere and space. T h e  Administration 
shall provide for the  widest practicable and appropriate dissemination 
of inf ovination concerning its uctii4ie.r aizd the resd ts  thereof.” 

-NATIONAL AERONAUTICS A N D  SPACE ACT OF 1958 

TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS : 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activicies. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and Notes, 
and Technology Surveys., 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

Details on the availability of these publications may be obtained from: 


